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Abstract:
River baseflow is the river discharge supported predominantly by groundwater, and can 
be greatly impacted by changes in land. Intuitively, the baseflow of a river would 
decrease with increased urbanization, as urbanization increases the amount of impervious 
surfaces, limiting the ability of precipitation to infiltrate into the ground and recharge the 
local groundwater. However, evidence suggests that the baseflow of rivers in urbanized 
areas can increase as a result of leaky subsurface water infrastructures that add water to 
groundwater and replenish baseflow. Another reason for the baseflow increase in 
urbanized watersheds is that water supply systems are over-pressurized by design to 
reduce the chances of contamination, contributing extra water to the local system. Cities 
that have decreased in population over the last century may experience an even greater 
addition to baseflow as leaky water infrastructures may not be attentively maintained due 
to the fact that there are less people in the area to supply water to. Given these 
conflicting urban influences on baseflow, it is important to investigate this relationship 
further. The goal of this project is to empirically investigate how decreased population in 
urban areas has impacted baseflow in the Midwestern region of the United States, 
informally called “The Rust Belt”. The project uses USGS gage data from streams 
within the Rust Belt, specifically from the states of Michigan, New York, Pennsylvania, 
and Ohio. Stream gage data was selected under the criteria that the data was continuous 
(>40 years), unregulated, and a drainage basin of <400 square miles. Six metrics of
' j
annual discharge used are 1) baseflow per unit drainage area (BF, m /yr); 2) runoff (RO, 
m /yr); 3) total flow (TF, m /yr); 4, 5, & 6) and a ratio of these flows to precipitation over 
area (BF/P/A; RO/P/A; TF/P/A, unitless). The results determined that there is mainly a
positive relationship between depopulation and baseflow in depopulated cities that lie 
within the geophysical province of the Central Lowlands.
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Introduction/Background:
As urban areas develop, the amount of impervious surfaces typically increases, 
producing a decrease in infiltration rate and an increase in runoff (Figure 1). The 
increased runoff produces a more “flashy” stream with quickly increasing and decreasing 
discharges, and intuitively less baseflow. However, it has been suggested that the 
baseflow in urbanized areas is increasing as a result of leaking water pipes and 
storm/sanitary sewers (Garcia, 2006). This may also be true for depopulated cities, or 
areas that have experienced a decrease in population. Fewer people in an area place less 
demand on water system operations and maintenance. The lack of maintenance on water 
infrastructure can lead to a significant amount of leakage entering the groundwater 
system and contribute to a substantial increase in baseflow (Garcia, 2006).
Urban development is recognized by the covering of once rural land by 
impervious surfaces, such as roof area, paved streets, driveways, sidewalks, and parking 
lots, due to an increase in population density (Stankowski, 1972). The increased amount 
of impervious surfaces increases the amount of runoff because water is unable to 
infiltrate the ground. Intuitively, this would result in a decrease in baseflow. Baseflow is 
a river’s discharge supported predominantly by groundwater while runoff is the flow of 
water, from precipitation and other natural and non-natural sources, over land. Total 
flow, is effectively the combination of baseflow and runoff (Figure 2). A steady supply 
of water running though a system, or baseflow, is important to a city’s longevity, as it is 
difficult to sustain a substantial population without proper resources.
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Throughout the last century many cities in the Midwestern United States, within 
an area known as the Rust Belt, have experienced major decreases in population due 
mainly to the collapse of industrial jobs in the area (Figure 3). Cities like Detroit, 
Michigan; Buffalo, New York; Pittsburgh, Pennsylvania; and Cleveland, Ohio have lost 
many of their automotive, steel, and coal industry jobs (Sugrue, 2007, Monroe Fordham, 
2014, Glaeser, 2009). The decrease in jobs has driven a decrease in population over 
approximately the last quarter to half of a century. Population density is strongly 
correlated to the amount of impervious surfaces. Stankowski (1972), states that 
“impervious surfaces are synonyms with human presence”. Population density was used 
to assume urbanization based on the methods of Stankowski (1972). The once densely- 
populated areas now have a significantly lower population, but the same amount of 
impervious surfaces and water infrastructure, as the physical form of a city does not 
naturally shrink (Hollander, 2010).
The cities of interest located in the Midwestern portion of the United States 
represent two major physiographic provinces, the Central Lowlands and the Appalachian 
Plateau. The Central Lowlands are located in the interior of the United States and are 
bounded by the Appalachian Mountains to the east, the Great Plains to the west, and 
extends south to the Gulf Coastal Plain. They are primarily composed of slightly dipping 
strata of Paleozoic aged shales and limestones. The Central Lowlands’ various plains are 
comprised mainly of hilly-moraines, outwash, and lake plains in the north, and much of it 
was glaciated during the Pleistocene Epoch. The Appalachian Plateau is situated on the 
western side of the Appalachian Mountain range and extends from New York to 
Alabama. A large portion of the gently northwestern sloping plateau is coalfields formed
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during the Pennsylvanian Period, and is composed primarily of crystalline sedimentary 
rocks (“Physiographic Regions”) (Figure 4).
Primary porosity and permeability are a material’s inherent properties that 
determine how quickly water flows through it and how easily it is retained. How tightly 
grains are packed together and how resistant to weathering and erosion a material is 
affects its ability to become faulted and fractured. These faults are fractures are referred 
to as secondary characteristics because they are not natural, but they still greatly affect 
the amount of water that goes though and is retained within the material. The 
development of secondary structures and thus urban karst, however, occurs at a much 
faster rate than geologic karst.
The increase in urban infrastructure produces anthropogenic features such as 
urban karst and urban water. Both of these features can increase urban groundwater 
recharge and consequently increase baseflow, offsetting the losses due to the decrease in 
infiltration. Urban karst is similar to natural karst in that it is comprised of large 
underground openings with highly anisotropic and heterogeneous features. The difference 
between natural karst and urban karst is how these areas form and at what rate.
Many characteristics make urban karst similar to geologic karst. Utility trenches 
that support runoff are areas analogous to naturally fractured systems and larger 
underground openings, excavations, and tunnels are analogous to natural conduits, caves, 
and channels, both of which increase permeability are highly anisotropic and 
heterogeneous. Storm drains are analogous to naturally occurring sink-hole-like 
structures. Rain water, as a result of runoff, can be stored in the shallow underground
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just as in the epikarst. Recharge can be from both diffuse (precipitation and irrigation 
return flows) and discrete sources (i.e. leaky pipes) (Garcia, 2006). In both karst 
systems, primary and secondary porosities and permeabilities control the rate at which 
runoff becomes baseflow and what these discharges mean in terms of total flow.
However, intentionally over-pressurized pipes and leaky water infrastructures, 
due to poorly maintained water delivery systems and storm/sanitary sewers add volume 
to groundwater and subsequently baseflow, offsetting to some degree the loss from 
urbanization. Roughly 20-30% of water loss from distributions systems is said to be 
added into the system to leakage (Garcia 2006). Such a substantial amount of water is 
lost from leaky pipes that water distribution companies account for the lost water, calling 
it “non-revenue water” (IWA, 2014).
Lopes (2013) analyzed 52 unregulated stream gages in 11 states and found that 
there are increasing baseflow trends with increasing population density in the 
Appalachian region, while the Coastal Plain region had mostly decreasing baseflow 
trends with urbanization. Significant results for the New England province show that 
while baseflow per unit drainage area is increasing, baseflow is decreasing as a fraction 
of total flow (Lopes 2013). The major factor of influence argues Lopes (2013), is the 
effect topography has on the ability of water to infiltrate the ground and thus contribute to 
baseflow. The topography of the land determines the rate at which run off enters the 
ground. Lopes (2013) states, that the steeper an area is the more difficult it is for runoff 
to infiltrate the ground, thus stating that flatter topographic regions experience a greater 
increase in baseflow due to more runoff entering the ground.
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The data collected relates urbanization in terms of population density to different 
types of discharge in various units. Data analysis was done to determine the relationship 
between population density and discharge, as well as the statistical significance 
associated with each type of discharge metrics as well as the trend between population 
density and the three types of discharge in relation to precipitation/area. The types of 
discharge include baseflow, runoff, and total flow. Population density was plotted 
against all six of the baseflow metrics and the confidence associated with each was 
determined through data analysis. Using census data in conjunction with gage data, a 
correlation between a decrease in population and baseflow can be determined. This 
project will determine if there is a correlation between depopulation and baseflow 
amounts in the Midwest urban areas.
Objective:
The objective of this research was to test to see if a correlation between 
depopulation and baseflow exists. This was accomplished by the following steps: 1) 
Determining which cities are depopulating in the Midwestern region of the United States;
2) Identify the United States Geological Survey (USGS) river gages located within the 
specified Rust Belt study areas that record continuous stream discharge data on baseflow, 
runoff, and total flow; 3) Compiling and investigating discharge metrics including: 
baseflow as a ratio of precipitation over area (BF/P/A), runoff as a ratio of precipitation 
over area (RO/P/A), and total flow as a ratio of precipitation over area (TF/P/A). The 
normalization of these metrics for precipitation and drainage area is explained in 
methods.
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Methods:
Gage Criteria
This study used United States Geological Survey river gage data from rivers 
found in areas that have experienced a decrease in population in the Midwestern United 
States, specifically, MI, NY, PA and OH. Approximately five to 10 gages from each 
state provided the necessary flow data. Historical stream gage data was collected from 
the records of the USGS Current Water Data under the criteria that the data is continuous 
and equal to or greater than 40 years, is not immediately downstream of large 
dams/impoundments and has a drainage area of less than 400 miles2. Rivers with these 
conditions produce discharges that are more likely to be affected by the depopulation of 
cities because of the limiting number of variables. Each gage was then categorized into 
groups of physiographic province base on its location. Population density was used to 
assume urbanization based on the methods of Stankowski (1972). For gages that 
encompassed multiple watersheds, a weighted average of the population density for each 
county in the watershed calculated to represent one population density sum per gage.
Discharge Metrics
Annual gage discharge data of baseflow, runoff, and total flow was used to 
generate ratios to precipitation/area in order to determine how much discharge has 
increased or decreased over time. The six metrics of annual discharge used are:
1) Baseflow per unit drainage area (BF, m3/yr)
2) Runoff (RO, m3/yr)
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3) Total flow (TF, m3/yr)
4) A ratio of baseflow to precipitation over area (BF/P/A, unitless)
5) A ratio of runoff to precipitation over area (RO/P/A, unitless)
6) A ratio of total flow to precipitation over area (TF/P/A, unitless)
The first three metrics are obtained from the Web-based Hydrograph Analysis 
Tool, WHAT (Lim, et. al 2005). WHAT is a hydrographic recovery website that 
automatically reports stream flow data from the USGS data server. The Web-based 
Hydrograph Analysis Tool accounts for stream gage data readings for times as short as a 
day, to decades of compiled data. WHAT uses the flow data in conjunction with the 
Eckardt digital filter, designed to separate high frequency signals from low frequency 
signals in a hydrograph. The purpose of this two-parameter digital filtering technique is 
to provide consistent, reproducible results (Healy, 2010). The precipitation values from 
the last three metrics will be obtained from the National Oceanic and Atmospheric 
Administration’s (NOAA) rainfall records.
These final three discharge metrics were then analyzed using the regression tool 
in the data analysis pack as part of Microsoft Excel. Population density was plotted 
against each discharge metric to determine if a linear trend existed. The statistical 
significance of each discharge metric was also determined using the regression tool in the 
data analysis pack. Discharge metrics with a p-value equal to or less than 0.05 are said to 
be statistically significant and p-values that are equal to or less than 0.01 are said to be 
highly confident, and are directly related to population density.
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The initial three discharge metrics were used to produce correlations between 
population density and each of the normalized flows on a linear axis. The logarithms of 
population density and the discharge metrics, BF/P/A, RO/P/A, and TF/P/A, were also 
plotted against each other on the log axis. The normalized discharge data takes into 
account for particularly wet or dry years that the gages being tested may have 
experienced. Testing the data on a linear axis and a log axis allows for a non-linear 
relationship to be analyzed. It is important to use baseflow, runoff, and total flow because 
each one behaves differently as a result of urbanization, and thus depopulation. If the 
trends associated with baseflow and runoff are being looked at, it is also important to 
look at the trend for total flow, as total flow is a combination of baseflow and runoff.
The linear regression method was used to test the significance of the variable to 
the other. It was important to use linear regression to correlate the data so as to limit the 
amount of variables being used in the study. The focus of the study was to determine if a 
linear trend exists between population density and baseflow, other methods, such as a 
non- linear regression or principle component analysis may have proved too complicated 
in this study. The latter two analyses provide for the possibility of a large error due to the 
amount of variables being taken into consideration. In this study, the linear regression 
analysis gave the option for clear dependent results using minimal variables. Various 
flow studies have also been done using the linear regression analysis to produce succinct 
and accurate results, such as Muthurkrishman (2006).
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Results:
Eleven of the gages were located in the state of Michigan; all of the gages are part 
of the Central Lowlands geophysical province. Six gages from New York State were 
used in this study all of which are also included in the Central Lowlands. All four of the 
Pennsylvania gages used are in the geophysical province of the Appalachian Plateau. Of 
the six gages studied within Ohio State, two were found within the Appalachian Plateau 
and the other four were found within the Central Lowlands. All of the gages (21 of 
them) found within the geophysical province of the Central Lowlands produced a greater 
amount of statistically significant results than those found within the geophysical 
province of the Appalachian Plateau, regardless of what state the gage was located in.
Statistical analyses of discharge trends that produced a p-value, or a confidence 
interval, of 0.05 are said to be statistically significant as this value represents a 95% 
confidence in the relationship between the independent (x) variable and the dependent (y) 
variable, or trend. In this study, a p-value of 0.01 is said to be highly statistically 
significant, as it produces a higher level of confidence in the trend, of 99%. Like the p- 
value, the significance-f represents a confidence in the results. A small significant-f 
value tells the probability that the equation does not explain the variation in the 
dependent variable i.e.) that any correlation between the independent and dependent 
variables is purely by chance, a small significance-f value is desirable.
Twenty, of the total 26 gages, were found to lie within the physiographic province 
of the Central Lowlands and six gages were found to lie within the Appalachian Plateaus. 
None of the gages located in the Appalachian Plateaus show a statistically significant
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relationship for any of the three normalized discharge metrics, BF/P/A, RO/P/A, TF/P/A, 
in either linear or logarithmic axes, when tested against population density.
Data analysis of the linear data produced 9 gages with statistical significance 
when comparing population density against BF/P/A, RO/P/A, and/or TF/P/A (Figure 5).
A positive coefficient on the independent variable represents a direct or positive 
relationship: as the independent variable changes, the dependent variable will change in 
the same direction. For example, as population density increases, discharge would also 
increase, and the converse (decreasing population density produces decreasing discharge) 
would also be true. A negative value represents an inverse relationship, that is, as 
population changes, flow changes in the opposite direction. The positive values 
highlighted in blue, on the data summary sheets, represent an increase in discharge or
flow(s) in relation to the ratio of flow to --■-' p'tat'on, whether it is baseflow, runoff, total
area
flow, or any combination of the three. Inversely, the values highlighted in red, on the 
data summary sheets, represent a decrease in discharge or flow(s). Values highlighted in 
dark green represent a confidence interval of 0.05 and show a statistical significance. 
Values highlighted in light green represent a high confidence interval of 0.01 and show 
the desired statistical significance (Table 1).
Nine gages show statistical significance for any or all of the three normalized 
discharge metrics within the linear data, having a confidence interval equal to or less than 
0.01. In comparing population density to the final three discharge metrics (BF/P/A, 
RO/P/A, and TF/P/A), in the linear data, six show a positive trend and four show a 
negative trend. The gages that have a high confidence interval in the final three discharge
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metrics, which are the normalized flows in relation to population density, show the same 
trend for each discharge metric. For example, when there is a high statistical significance 
for one discharge metric, for a particular gage, there is a high statistical significance for 
the other discharge metrics of that gage, each representing the same trend (Table 1).
The linear data produced nine gages that have a high confidence interval when 
comparing population density against BF/P/A. Five of those gages show an increasing, 
while four of those gages show a decreasing trend. Only seven gages have a high level of 
confidence in relation to population density and RO/P/A of the linear data four of which, 
have an increasing trend and three have a negative trend. The high confidence intervals 
relating population density and TF/P/A show four resulting in a positive trend and four 
resulting in a negative trend. A majority of the statistically significant data with a high 
confidence interval (p-value equal < than 0.01) produced a positive trend or a direct 
relationship between population density and the normalized discharge metrics of BF/P/A, 
RO/P/A, and TF/P/A, which resulted in more water or flow for that particular gage. All 
of the gages showing a high statistical significance, a p-value <0.01, within the linear 
data are located in the Central Lowlands (Figure 5 and Tables 1, 2 and 3).
The log data (log population density vs. log of the normalized discharge metrics), 
in general, had greater statistical significance with more p-values equal to or less than 
0.05 and 0.01, making the log data more statistically significant on the whole. Twelve 
out of 26 gages were found to have high statistical significance when population density 
was compared logarithmically to the normalized discharge metrics of BF/P/A, RO/P/A, 
and TF/P/A. All 12 of the statistically significant gages can be found in the Central 
Lowland physiographic province. Of these 12 gages, 11 showed a high statistical
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significance when comparing the log of population density against the log of BF/P/A; six 
of which showed a positive trend and five of which showed a negative trend. Ten gages 
show a high confidence interval in relation to the log of population density and the log of 
RO/P/A. Of those ten gages, six have a positive trend or a direct correlation and four 
have a negative trend or an indirect correlation. The high confidence intervals relating 
the log of population density and the log of TF/P/A show six with a direct correlation and 
five with an indirect correlation (Figure 6 and Table 4).
The effect of a city’s rise in population and fall in population was also determined 
separately for each gage, although not all cities experienced depopulation. The 
logarithmic data proved to be more statistically significant when comparing population 
density to the normalized discharge metrics. Out of 26 gages, 17 represent counties that 
experienced a population increase and then a population decrease. For the counties that 
experienced multiple rises and falls in population the first set of population 
increase/decrease was analyzed. Eight gages, representing one trend, of a rise then fall in 
population produced statistically significant results with a high confidence interval (p- 
value < 0.01). Only two of the gages showed statistical significance in both of the 
individual trend of population density increase and population density decrease, all of 
which resulted in a positive trend, or direct relationship for each comparison of the log of 
population against the log of each of the normalized discharge metrics (Table 4).
Data analyses were also run to correlate population density increases and 
decreases, individually, to the normalized discharge metrics on the linear and log axis. 
More statistically significant data was produced when the data analysis was run on the 
log axis. Nine gages had a 99% confidence when the increase in population density
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associated with the gage was run against the normalized discharge metrics. Seven out of 
the nine gages that experienced an increase in population density produced a positive 
trend when compared against the normalized discharge metrics. Similarly, the linear data 
and the log data produced six gages that show high confidence when comparing a 
decrease in population density against the normalized discharge metrics. For both the 
linear data and the log data showing a decrease in population, two gages produced a 
negative trend and four produced a positive trend. All of the statistically significant data, 
in both the individual population density increases and decreases, are associated with 
gages found within the physiographic province of the Central Lowlands (Tables 5 and 6).
Graphs depicting times series between year vs. discharge vs. population density as 
and cumulative discharges were generated for each statistically significant linear gage. 
The time series graphs show the trends of the associated discharges in relation to the 
active years of the corresponding gage in comparison to population density during the 
same time (Time Series 1-8). The time series graphs provide a visual representation of 
the relationship between the discharges of baseflow, runoff, and total flow and population 
density over the active years of the gage they represent. The cumulative discharges 
graphs show the volume of the discharges in meters3 for every active year added in 
sequential order (Cumulative Discharges 1-8). The cumulative discharges graphs provide 
a visual representation of a change in trend between discharge(s) and population density 
by showing a change in the slope of the produced line. When the slope of a line in the 
cumulative discharges graphs changes, it represents a change in discharge. A decrease in 
the slope would represent less water entering the system, and inversely, an increase in 
slope would represent more water entering the system.
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Discussion:
The majority of the statistically significant (99% and greater with a small 
significance-f) trends of the logarithmic data of baseflow with respect to population 
density, were found to lie within the Central Lowlands physiographic province. The 
discharge associated with the cities and corresponding gages located within the Central 
Lowlands are more affected by population changes than the Appalachian Plateau 
province. This may have something to do with the material it is made of. The Central 
Lowlands, being primarily comprised of shales and limestones, are more susceptible to 
urban karstification because these rock types are the geologic materials in which natural 
karst typically forms. By nature, shales and limestone are less resist to erosion and 
therefore weather more easily, whereas the materials that make up the Appalachian 
Plateau are crystalline sedimentary rocks and are not typically associated with areas of 
karst formation, due to their erosional resistivity. The predominance of the gages located 
within the Central Lowlands may be attributed to the bedrock of the physiographic 
province. In general, the discharges associated within cities located with the Central 
Lowlands geophysical province, are directly associated with changes in population 
density. If a city, located within the Central Lowlands, experiences an increase in 
population density, that city will likely see an increase in discharge or baseflow. 
Similarly, if that city were to experience a decrease in population density, it would also 
experience a decrease in discharge or baseflow.
It was accepted by hydrogeologists that urban areas experienced a decrease in 
baseflow (Lemer, 2002), for many intuitive reasons. The reason hydrogeologists were 
focused on the inverse relationship between population density and discharge was mainly
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due to the focus on the hydrological shifts from the increase in impervious surfaces of an 
area, and not the fact that human interactions may interfere with the natural processes of a 
system. Even after studies began being conducted in the late 1950’s-early 1960’s, 
baseflow was still believed to decrease with urbanization (Leopold, 1968). This may be 
due to the fact that baseflow trends may not have had time to adjust to the changes in 
population density as water does not infiltrate the surface instantly, and there is a lag in 
the time that surface water becomes groundwater. And, these assumptions certainly do 
not take into account the population increase and population decrease that is needed to 
consider this study. Investigations from more recent studies, like Lemer (2002), show 
that leaks from water distribution infrastructure are, in fact, a significant source of urban 
recharge, which has a direct effect on baseflow (Brandes, 2005). Lemer (2002) 
concluded that 20 to 25 percent of baseflow is a result of leakage, and can significantly 
offset the losses due to decreased infiltration.
Most hydrogeologists today accept that water supply infrastructures, directly 
associated with urbanization due to an increase in population density, generate a large 
amount recharge through leakages, which directly affects baseflow (Lemer, 2002). The 
recharge associated with urban infrastructures is produced mainly by secondary porosity 
and permeability, such as tunnels, buried utilities, garages, and other buried stmctures, as 
well as the faults and fractures that result from these stmctures, which disturb the natural 
stmcture of the ground (Garcia 2006). According to Lemer (2002) roughly 50% of the 
impervious cover should be treated as permeable due to the porosity and permeability of 
secondary characteristics (Garcia, 2006). Secondary characteristics may develop at a 
faster rate in the Central Lowlands as compared to the Appalachian Plateau because of
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the differences in regional climate. The Central Lowlands geophysical province 
experiences a slightly harsher annual climate than the Appalachian Plateau. Typically, 
the winter months experience colder temperatures for a longer duration in the Central 
Lowlands (Antipova, 1979). The continual freezing and thawing cycles inherent of the 
regional cities located within the Central Lowlands, expedites the creation of secondary 
porosity and permeability structures, like fractures and faults, increasing the ability of 
urban water systems to recharge local groundwater supplies.
Eight of 12 statistically significant gages associated with cities located within the 
Central Lowlands geophysical province had a positive correlation between population 
density and discharge. These trends are solidified by their p-values < 0.01 and there 
equally small significance-f values. When there are more people in an urban area 
baseflow increases and conversely, when there are less people in an urban area baseflow 
decreases. When a densely populated city with a substantial amount of impervious 
surfaces, experiences an increase in discharge and baseflow, it can be mainly attributed to 
the leaky water infrastructure. The leaky water infrastructure contributes enough water 
into the system to not only make up for the lack of runoff infiltrating the system, due to 
an increase in imperviousness, but enough excess to ultimately increase the baseflow.
The gages that represent a direct correlation, or a positive trend, between discharges 
and population density suggest that, although base flow and runoff are both increasing, 
the increase in baseflow has more of an effect on the contribution to total flow. This 
means that the urban karstification has a greater influence on the system than the 
imperviousness. And the gages that have an indirect correlation, or a negative trend,
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between discharges and population density, are the result of the imperviousness having a 
greater effect on the system than the karstification.
Some of the results are counterintuitive, in that, gages that produced a negative trend 
in baseflow also produced a negative trend in runoff. It would seem that if baseflow were 
decreasing as a result of increased imperviousness, runoff would increase as a result of 
the increase in imperviousness. However, the gages that show a negative trend suggest 
otherwise (Table 1 and 2).
The subsurface water infrastructure associated with urban areas acts as a conduit for 
flow in the same way caverns and tunnels in natural karst systems act. Like many things, 
urban water infrastructures leak. Some leaks are by design due to over-pressurization, to 
decrease the chance of contamination. If water is leaking out, it makes it less likely for 
pollutants to seep in and contaminate the clean water supply and this leakage is found to 
be acceptable up to a point. Water supply companies account for this loss of water and 
even factor it into their cost budget as “non-revenue” water (IWA, 2014).
During the last turn of the century, the cities situated in the Midwestern portion of the 
United States were centers of commerce with booming industry, millions of people, and 
state of the art water infrastructures to support them all. Those cities have since whittled 
away to mere hundreds of thousands, and more importantly so has their supporting water 
infrastructures. The average lifespan of cast iron drain lines, much like those that would 
have been installed in these industrial centers, is approximately 75-100 years (Bousquin, 
2010). Now that the lifespan of these water infrastructures is approaching, it is more
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important than ever to understand their erosive capabilities due to over-pressurization and 
leaks, since they are being compounded by system failure.
The reason the depopulated cities of the Rust Belt, situated within the Central 
Lowlands physiographic province, experience the urban karstification processes more 
intensely than other urban areas is because of the material of the underlying rock. The 
leaky water infrastructure has a much greater effect on the shales and limestone of the 
Central Lowlands because shales and limestones are much less resistant to weathering 
and erosion when compared to the crystalline rocks of the Appalachian Plateau. The 
urban karstification process happens at a faster rate than it would naturally because the 
over-pressurization of the subsurface water infrastructure erodes the surrounding rock 
more quickly than naturally flowing waters in typical karst systems.
It is important, based on this study and other studies (e.g., Lopes 2013), to note that 
different regions experience changes in discharge characteristics differently as population 
varies. This study would be most beneficial to cities experiencing a change in population 
density located within the Central Lowlands. Most of this study’s statistically significant 
results were located in this province, and cities in states such as Ohio, Michigan, and 
Indiana could use this to prepare for future scenarios. The relationship between 
depopulation and baseflow can be used to better understand how humans alter the natural 
environment even after they have. This research can also give insight to what can 
potentially be done to remediate this effect. The urban karstification process is one that is 
extremely difficult and expensive to prevent and reverse. Urban karstic areas can be 
filled in with various rebuilding materials, but these too will eventually erode too due to 
the over-pressurized and leaky subsurface water infrastructures. Whether a city located
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within the Central Lowlands begins to experience an increase in population density or a 
further decline in population density the resulting trend associated with baseflow will 
happen at a much faster rate now that the karstic structures exist
Results from other studies comparing urbanization to baseflow show that an 
increase in baseflow after urbanization is more likely to occur than a decrease in 
baseflow. Hydro geologists (Tenant, 1975 and Hammer 1973) in the past have concluded 
that increased imperviousness reduces infiltration and therefore baseflow, but that the 
municipal water imported into the drainage area was offsetting, somewhat, the effects of 
reduced infiltration.
These results are consistent with the work of Klein (1979), who also found a 
definite positive relationship exists between imperviousness and baseflow. Klein (1979) 
concluded that the positive response of baseflow is dependent upon the particular 
physiographic province a stream, or in this instance a gage, is located within. This 
correlation is attributed to the porosity and permeability of the bedrock in the geophysical 
province.
If a statistically strong positive correlation exists between population density and 
baseflow, the two parameters are directly correlated. Furthermore, with the decreased 
infiltration countered by the increase leakage, causes for this correlation can be 
explained. The positive correlation means that as population density increases so does 
baseflow, and inversely, as population density decreases, baseflow decreases.
Establishing this trend can help cities facing similar declines in population prepare for a 
change in baseflow and better manage potential future implications. Water conservation
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measures may be implemented in places forecasted to have declining discharge, while 
flood mitigation efforts might be installed in locations with future increases.
The majority of the statistically significant data (eight out of 12 gages) produces a 
positive correlation between population density and baseflow. When population density 
increases, discharge increases and when population density decreases, flow decreases.
The less people in an area, the lesser the amount of supplied water, thus the fewer the 
amount of leaky pipes. However, the urban karstification process has already taken place 
and would be incredibly expensive and time consuming to remediate. If these 
Midwestern cities that have experienced a decrease in population within the last quarter 
to half a century start to repopulate, changes in baseflow driven by changes in population, 
will happen much faster due to the karst systems that have been created. Time series and 
cumulative discharge graphs were created for the eight gages with statistically significant 
linear trends (Figures 7 & 8). Descriptions and interpretations of the trends of individual 
gages are included in these figures.
Some of the cities associated with gages that were analyzed have not experienced a 
decrease in population density but may experience a population loss in the future, like 
some of their regional neighbors. The gages that have not yet experienced a cities’ 
decrease in population density may produce some more statistically significant data in the 
years to come, provided that those cities experience depopulation.
However, the effect of population density on baseflow and discharge has not been 
extensively investigated for the cities within the Rust Belt. A significant amount of data 
was analyzed with the goal of determining if a correlation exists between baseflow to
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changes in population density. Not only was a positive trend produced for a majority of 
the data, but all of the statistically significant data was associated with gages, and 
subsequently cities, all located with the Central Lowlands physiographic province due to 
the province’s unique inherent compositional characteristics in conjunction with the time 
frame in which it was initially urbanized.
Future studies may include how the baseflow of cities located in other 
physiographic provinces respond to changes in population density, as a result of the 
provinces’ composition. Studies may also include any environmental impacts associated 
with a rapid increase or decrease in baseflow as a result of population density 
fluctuations. Important findings may result from looking at the economic implications 
associated with not only the increases and decreases of baseflow and population density, 
but in the cost of which it takes to remediate such urban karstic structures or leaky water 
infrastructures that are not intentionally over-pressurized. Regardless of what is done 
with this data in terms of manipulation or interpretation, it is important that it be 
continually recorded so as to be aware of any resulting changed in baseflow, as a result of 
population density change, soon after it is occurring.
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Figure 1. A figure showing the effects of urbanization on a once rural area and what that 
means in terms of runoff and infiltration rates. The urban area shows an increase in 
runoff and a decrease in infiltration, as a result of an increase in imperviousness, in 
comparison to the rural land.
2 4
Days
Figure 2. A simple hydrograph representing baseflow, runoff, and total flow. Baseflow 
is denoted by the dashed line across the bottom of the hydrograph, runoff (overland flow) 
is shown by the steep increaing peak, and total flow is the combination of baseflow and 
runoff, which is represented by anythign undering the solid black line of the hydrgraph. 
The steeper the increasing trend of the overland flow, the more “flashy” the stream.
2 5
Figure 3. A geographic depiction of the area of interest, the Midwestern portion of the 
United States, nicknamked “The Rust Belt”. Cities of interest included in this area are 
Detroit, Michigan; Buffalo, New York; Pittsburgh, Pennsylvania; and Cleveland, Ohio.
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Figure 4. A geological representation of the area of interest in the Midwestern portion of 
the United States. The olive green color, or geophysical province #2, shows the 
Appalachian Plateaus, which are primarily comprised of crystalline sedimentary rocks. 
The light green color, or geophysical province #6, show the Central Lowlands, which are 
mainly composed of shale and limestone.
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Figure 5. A representation of the cumulative amount of statistically significant linear 
gage data, showing both positive and negative trends, per state. A majority of the 
statistically significant gages produced a positive trend.
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Figure 6. A representation of the cumulative amount of statistically significant logarithm 
gage data, showing both positive and negative trends, per state. A majority of the 
statistically significant gages produced a positive trend.
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Figure 7. The following images represent times series between years vs. discharge and 
years vs. population density for each gage that produced statistically significant data for 
all three of the discharge metrics (BF, RO, and TF) in the linear regression. The times 
series graphs show the amount of water in meters for each of the discharge metrics, 
plotted against time, in years, of the active gage, and the population density of the county. 
Baseflow is represented by the blue diamonds, runoff by the red squares, total flow by the
Figure 7. Times Series 1. The gage for Wolf Creek at Dayton, Ohio is missing 
approximately 20 years of stream flow data, denoted by the empty space in the center of 
the graph. It is difficult to interpret a trend between population density and discharge 
with the absence of so much gage data in the middle of the time of interest, but the data 
appears to slope downward with the decreasing population density, which is consistent 
with the positive relationship produced by the data analysis.
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Figure 7. Time Series 2. The gage for River Rouge in Michigan shows a steady increase 
in population over the last half century, leveling out near the new millennium. All of the 
discharges associated with the gage increase along with population density. This could 
be a direct result of the area’s urbanization. As urbanization increase so does 
imperviousness as results in an increase of runoff. Baseflow is also increasing as a result 
of the leaky water infrastructure associated with the city. The combination of the 
increasing runoff and baseflow produces an increase in the total flow associated with the 
gage. The trends of the increases occur at relatively the same time interval.
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Figure 7. Time Series 3. The population density for Oakland county, associated with 
Upper River Rouge in Michigan experienced a steady increase in population density over 
approximately the last half century, leveling off around the new millennium, much like 
the gage before it. Interestingly, when the population density levels off around the year 
2000, the discharges are shown to increase. This may be due to population density 
reaching its peak, and therefore urbanization reaching its peak. A peak in population and 
urbanization would result in an increase in baseflow, because water supply system would 
be delivering more water to more people and thus leaking more. A peak would also 
result in an increase in runoff as a result of all the imperviousness. Increased baseflow 
and increase runoff results in increased total flow. Note that the increases in discharge, 
caused by the leveling off of population density, occur roughly 10 years after the initial 
leveling off.
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Figure 7. Time Series 4. Middle River Rouge in Wayne County, Michigan shows a 
decrease in population density around 1970, after a consistent increase followed by a 
leveling off in the earlier part of the century. The decrease in population is accompanied 
by an increase in baseflow, runoff, and total flow. This is one of the few gages that show 
an indirect relationship between population density and discharge.
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Figure 7. Time Series 5. The Lower River Rouge gage in Wayne, Michigan also shows 
an indirect correlation between population density and discharge. The increases in 
discharges occur when population density starts to decrease, around the year 1990.
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Figure 7. Time Series 6. For the Rocky Rive gage in Ohio, discharges increase when 
population density decreases, showing an indirect correlation, consistent with the results 
of the linear regression.
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Figure 7. Time Series 7. The gage for Cayuga Creek in New York shows a direct 
correlation between population density and discharges, in that as population density 
decreases, towards the end of the century, discharges also decrease, despite a brief gap in 
gage data.
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Figure 7. Time Series 8. The Scajaquada Creek gage in New York shows a steadily 
dramatic population decrease since 1970 coupled with a decrease in discharges but with 
an interesting lag. A reason for the lag in decreasing discharges in relation to population 
density may be a result of the water infrastructure “catching up” to the changes in 
population density.
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Figure 8. The cumulative discharge graphs show an annual increase of the measured 
gage discharges by comparing each sequential year to the amount of discharge for that 
year added to the year prior; the same legend colors representing discharges apply. A 
change in the slope of the cumulative discharges represents a change in annual discharge. 
An increase in cumulative discharge slope would represent more water entering the 
system while a decrease in slope would represent a decrease in water. A gap in the data 
is indicative of a gap in gage readings; some gages had incomplete records.
Cumulative Discharges for Gage #3271000
Cumulative Years
Figure 8. Cumulative Discharge 1. An increase in discharge is represented by the 
steeply increasing slope, associated for Wolf Creek at Dayton, OH, and correlate to the 
positive trend produced from the linear regression, resulting in more discharge with an 
increase in population.
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Figure 8. Cumulative Discharge 2. An increasing slope is consistent with the positive 
trend produced in the linear regression for the River Rouge in Michigan and represents an 
increase in discharge as population density increases.
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Figure 8. Cumulative Discharge 3. The cumulative discharge data for the Upper River 
Rouge in Michigan shows a steep increase in discharges over each additional year, 
consistent with its positive trend produced by linear regression.
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Figure 8. Cumulative Discharge 4. An abrupt change in slope is shown in the 
cumulative discharge data for the Middle River Rouge in Michigan, where the trend lines 
appear to increase at a more gentle of a slope. This is related to the negative correlation 
produced by linear regression when comparing population density and discharges.
4 0
Cumulative Discharges for Gage # 4168000
4 5 0 0 0
4 0 0 0 0
3 5 0 0 0
3 0 0 0 0
i  2 5 0 0 0
j s  20000 u
Q  1 5 0 0 0  
10000 
5 0 0 0  
0
4  7 1 0 1 3 1 6 1 9 2 2 2 5 2 8 3 1 3 4 3 7 4 0 4 3 4 6 4 9 5 2 5 5 5 8 6 1  
Cumulative Years
1
Baseflow 
—■—Runoff 
—ir—Total flow
Figure 8. Cumulative Discharge 5. Gentle increases in the baseflow and runoff trend 
lines associated with the Lower River Rouge in Michigan are consistent with the negative 
trend produced by the linear regression of the data. The gentle slope is indicative of an 
indirect relationship between population density and discharges.
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Figure 8. Cumulative Discharge 6. The steep increase of the discharges associated with 
the Rocky River in Ohio is representative of a positive trend in the linear regression.
This image relates to the positive trend in that as population density changes, discharge 
changes in the same direction.
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Figure 8. Cumulative Discharge 7. The dip in the trend line for the discharges 
associated with Cayuga Creek in New York, matches up with the time, in years, in which 
the population experienced a decrease. A steady trend upward from that point (~30 year) 
is consistent with the results produced in the linear regression for this gage in that there is 
a positive correlation between population density and discharges.
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Figure 8. Cumulative Discharge 8. The cumulative discharge graph for Scajaquada 
Creek in New York is curious is that the change in slope steepness of the total flow line 
would intuitively represent a negative trend in the linear regression, however the 
Scajaquada Creek gages produced positively trending results. An explanation for these 
discharge trends, in relation to the positive correlation between population density and 
discharges, may be that this area experienced such a dramatic decrease in population so 
quickly that the water infrastructure system took a dramatic loss, in terms of total flow. 
Interestingly the change in slop on the cumulative discharge graph is consistent with the 
start of the flow decreases, including the lag, in the times series associated with the same 
gage (Time Series 8).
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